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tunnel structure and obtaining structured light curves in real
time by the monitoring terminal; S3, analyzing imaging
changes of the structured lights, detecting deformation
degrees and offset distances of the tunnel 1n real time, and
monitoring the diseases such as settlement, convergence of
a single-section of the tunnel and integral settlement of a
multi-section of the tunnel by the data processing unit.
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CONVEYING MANIPULATOR FOR
MACHINING PRECISION PARTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This disclosure 1s a continuation of PCT/CN2021/121671,
filed on Sep. 29, 2021 and claims priority to Chinese Patent
Application No. 202110195026.6, filed on Feb. 22, 2021,
the contents of which are hereby incorporated by reference.

TECHNICAL FIELD

The disclosure relates to the field of tunnel structure
deformation monitoring, and in particular to a method and a
device for real-time momitoring of tunnel deformation.

BACKGROUND

Tunneling methods of a tunnel under construction mainly
include a blasting method and a shield method. The shield
method 1s mainly used 1n subway tunnel construction. This
method has characteristics of a relatively stable structure and
a high cost, with simultaneous cutter head excavation, slag
transportation, segment sticking and track laying. The blast-
ing method 1s mainly used 1n construction of high-speed
railway tunnels. First, blasting 1s carried out 1n on a tunnel
face, and then I-beams are erected and cement 1s poured to
form an initial supporting areca. A deformation rate in the
initial supporting area 1s high, making 1t highly susceptible
to disasters such as tunnel settlement and convergence,
requiring real-time monitoring of deformation. After the
initial supporting area 1s formed, the cement 1s poured to
form a permanent tunnel structure called an vert closure
area and a secondary lining area. After this area 1s formed,
the structure belongs to a relatively stable area, and the
tunnel structure 1s basically stable after secondary lining 1s
completed.

Currently, a total station 1s usually used for measuring in
structure deformation monitoring of a tunnel under construc-
tion. When tunneling the tunnel under construction, a plu-
rality of reflective prisms (usually 3-7) are needed to be
installed at fixed intervals at a top of the tunnel by manual
installation. The installation of the reflective prisms 1s 1ncon-
venient and poses certain construction safety hazards. Con-
struction needs to be stopped to use the total station for
manual monitoring during detection, and a detection interval
1s generally 2 to 4 hours. This detection method 1s time-
consuming and laborious, and delays a construction prog-
ress.

In addition, the above current momtoring method using
the total station may only monitor 3 to 7 points 1 each
section of the tunnel, which 1s very sparse. Moreover, a time
interval ol monitoring deformation 1s relatively long. If a
disaster accident occurs during a monitoring window, the
disaster accident may not be eflectively warned.

A moving detection vehicle 1s usually used for an opera-
tion tunnel, and structured light sources and 1mage sensors
are deployed on the detection vehicle. However, this detec-
tion method may not be used in the tunnel under construc-
tion using the blasting method, and has characteristics of a
long detection period and non real-time detection.

Therefore, there 1s an urgent need to develop a monitoring,
method of tunnel structure deformation that may be conve-
niently deployed in both an operation tunnel and a tunnel
under construction, without mstalling equipment at a top of
the tunnel, and that may momnitor deformation of a tunnel
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structure 1n real time without an interruption, increasing a
monitoring density and a monitoring frequency.

SUMMARY

In order to solve problems existing in the prior art, the
disclosure has an objective to provide a method and a device
for real-time monitoring of tunnel deformation for monitor-
ing tunnel deformation 1n real time during construction of a
tunnel under construction and during an operation of the
tunnel.

In order to achieve the above objective, the method for the
real-time monitoring of the tunnel deformation according to
the disclosure includes following steps.

S1, a plurality of structured light sources are erected 1n an
unstable area to be monitored of a tunnel structure, and a
monitoring terminal 1s erected 1n a relatively stable second-
ary lining area of the tunnel structure, where the monitoring
terminal communicates with the plurality of structured light
sources.

S2, the monitoring terminal observes all structured lights
in the unstable area of the tunnel structure, and obtains
structured light curves in real time.

S3, a data processing umt analyzes imaging changes of
the structured lights, detects deformation degrees and oflset
distances of the tunnel 1n real time, and monitors diseases of
settlement, convergence of a single-section of the tunnel and
integral settlement of a multi-section of the tunnel.

In one embodiment, the step S3 includes following steps.

S31, the data processing unit locates a structured light
area and edges of the structured lights by utilizing an 1mage
recognition module.

532, the data processing unit extracts center curves of the
structured light curves.

S33, the data processing umit automatically or manually
updates reference curves formed by the center curves.

S34, the data processing unit detects states of the tunnel
structure, and judges whether the disasters of the settlement,
convergence of the single-section of the tunnel or the
integral settlement of the multi-section of the tunnel occur.

In one embodiment, in the step S34, a method for detect-
ing the states of the tunnel structure by the data processing
unmt includes following steps.

S341, sections of a tunnel wall are divided into left and
right side walls and a vault, lateral and longitudinal dis-
placements of the left and right side walls are detected, and
longitudinal displacements of the vault are detected.

S342, the center curves of the real-time structured light
curves are matched with the reterence curves, a difference
calculation algorithm 1s adopted, pixel deviations before and
after the reference curves 1n different sections of a mask map
are compared, and horizontal or vertical displacement
changes of pixels are compared one by one, and a maximum
deviation 1s taken as a detection result.

S343, the integral settlement of the multi-section of the
tunnel 1s detected by a combined line difference algorithm,
and a matching structure of the center curves of the plurality
of structured light curves before and after of the tunnel 1s
combined, and an overall downward shift of the plurality of
curves indicates a disease of the integral settlement of the
multi-section of the tunnel; and

S344, spatial mapping of a settlement amount 1s per-
formed, pixel displacements are converted into spatial oflset
distances through pixel quantization to obtain an actual
settlement amount, and a disease type 1s determined accord-
ing to a displacement direction.
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The disclosure also provides a monitoring device for
implementing the method for the real-time monitoring of the
tunnel deformation, including a plurality of structured light
sources and a momitoring terminal. The plurality of struc-
tured light sources are erected in the unstable area of the
tunnel structure. The monitor terminal 1s erected in the
relatively stable area of the tunnel structure, communicates
with and controls the plurality of structured light sources,
and includes a data processing unit and a plurality of image
SENSors.

In one embodiment, the structured light sources are multi-
band light sources, and the monitoring terminal senses the
multi-band light sources, and measurement results of the
multi-band light sources are comprehensively analyzed to
obtain a final measurement result.

In one embodiment, the structured light sources have
built-in sensors for detecting whether the structured light
sources are impacted or not. When impacts are detected, the
structured light sources automatically readjust the reference
curves ol the structured lights.

Beneficial effects are as follows.

Based on an mmproved structured light machine vision
technology, 1n the method and the device for the real-time
monitoring of the tunnel deformation according to the
embodiments, the plurality of structured light sources are
installed on the side walls of the momtoring area and the
monitoring terminal 1s 1nstalled 1n the relatively stable area.
The 1mage sensors of the monitoring terminal detect real-
time changes of structured light shapes on an inner wall of
the tunnel in the monitoring area, so as to monitor the
disasters such as top settlement, two-side convergence, local
settlement, integral settlement, surrounding rock instability
and the like of the tunnel. The disclosure may not only allow
real-time tunnel deformation monitoring during the con-
struction of the tunnel under construction, but also allow the
real-time tunnel deformation momitoring i1n an operation
tunnel. Since there 1s no need to 1nstall equipment at the top
of the tunnel according to the embodiments, the embodi-
ments may replace a common monitoring method using a
total station for the tunnel under construction, and has
characteristics of dense monitoring points, an automatic

system operation and real-time monitoring.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be further described and elaborated
with attached drawings.

FIG. 1 1s a schematic diagram of a device for real-time
monitoring of tunnel deformation according to a preferred
embodiment of the disclosure.

FIG. 2 1s a schematic diagram of section division of a
tunnel wall by a method for real-time monitoring of tunnel
deformation.

FIG. 3 1s a schematic diagram of states of a tunnel
structure detected by a method for real-time monitoring of
tunnel deformation.

FI1G. 4 1s a flow chart of a method for real-time monitoring,
of tunnel deformation according to the disclosure.

FIG. 5 1s a flow chart of S3 1 a method for real-time
monitoring of tunnel deformation according to the disclo-
sure.

FIG. 6 1s a tlow chart of a method for detecting the states
of the tunnel structure by the data processing unit according
to the disclosure.
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DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(L]

Technical schemes of the disclosure may be explained
more clearly and completely by describing preferred
embodiments of the disclosure with attached drawings.

As shown 1n FIG. 1, a device for real-time monitoring of
tunnel deformation according to the preferred embodiments
of the disclosure includes a plurality of structured light
sources 1 and a monitoring terminal 2.

The plurality of structured light sources 1 are erected 1n a
tunnel face and an initial supporting area to be monitored,
and these areas are collectively referred to as a monitoring
area or an unstable area D1. Optionally, the plurality of
structured light sources 1 are arranged at equal intervals. The
structured light sources 1 are multi-band light sources, the
monitoring terminal 2 has a sensing function for the multi-
band light sources, and a final measurement result 1s
obtained by a comprehensive analysis of measurement
results of the multi-band light sources. The structured light
sources 1 have their own targets, and the monitoring termi-
nal 2 obtains position changes (settlement or convergence)
of each of the light sources by observing each of the targets.
Each of the targets i1s optionally a cross self-luminous
infrared light source. The structured light sources 1 have
built-in sensors used for detecting whether the structured
light sources 1 are impacted or not. When impacts are
detected, the structured light sources 1 cooperate with the
monitoring terminal 2 to automatically readjust the reference
curves of structured lights.

The monitoring terminal 2 1s erected 1n an mvert closure
area or a secondary lining area D2, and a stable area. The
monitoring terminal 2 commumcates with the plurality of
structured light sources 1 in a wireless or wired manner, and
controls the structured light sources 1 to be turned on at
intervals according to detection requirements and a site
environment. The structured light sources 1 may be powered
by wire or by own batteries. The monitoring terminal 1
includes a data processing unit and a plurality of image
sensors. Optionally, two 1mage sensors are used, one 1mage
sensor facing the monitoring area D1 and an other image
sensor facing the secondary lining area D2.

In other embodiments, a plurality of structured light
sources 1 may also be erected 1n the secondary lining area
D2, and the monitoring terminal 2 monitors the plurality of
structured light sources 1n the secondary lining area through
the 1mage sensors facing the secondary lining area D2.
Whether the monitoring terminal 2 has settled or converged
may be sensed by monitoring displacement changes of a
plurality of structured lights in the secondary lining area D2,
and displacements of the plurality of structured lights 1 1n
the unstable area may be corrected.

As shown 1n FIG. 4, a monitoring method of the device
for the real-time monitoring of the tunnel deformation
includes following steps.

S1, the plurality of structured light sources are erected in
the unstable area to be monitored of a tunnel structure, and
the monitoring terminal i1s erected in a relatively stable
secondary lining area of the tunnel structure, where the
monitoring terminal communicates with the plurality of
structured light sources.

Optionally, the structured light sources are installed at
bottoms of side walls of a tunnel.

S2, the monitoring terminal observes all structured lights
[.O 1in the unstable area of the tunnel structure, and obtains
structured light curves 1n real time.
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S3, the data processing unit analyses 1imaging changes of
the structured lights, detects deformation degrees and oflset
distances of the tunnel 1n real time, and monitors diseases
such as settlement, convergence of a single-section of the
tunnel and integral settlement of a multi-section of the
tunnel.

Specifically, as shown in FIG. 5, the above step S3
includes following steps.

S31, the data processing unit locates a structured light
area and edges of the structured lights by utilizing an image
recognition module.

Optionally, the data processing unit locates the structured
light area through adaptive threshold processing, and 1den-
tifies edges of the structured lights in the area by using a
deep learning segmentation network. The segmentation net-
work optionally adopts a semantic segmentation model.

S32, the data processing unit extracts center curves of the
structured light curves.

Optionally, the data processing unit adopts a geometric
distribution feature extraction algorithm of each light stripe,
and distinguishes upper and lower edges of each light stripe
through edge detection, and each center curve 1s a column
coordinate average of the two edges, and the edge detection
optionally adopts a neighbourhood method.

S33: the data processing unit automatically or manually
updates reference curves formed by the center curves.

Specifically, the data processing unit includes a reference
curve setting module of the tunnel structure for collecting
the center curves of the structured light curves under a
normal tunnel structure and saving a mask map for updating.

S34, the data processing unit detects states of the tunnel
structure, and judges whether the diseases such as the
settlement, convergence of the single-section of the tunnel or
the integral settlement of the multi-section of the tunnel
OCCUL.

Optionally, the above step S3 further includes: locating
the targets of the structured light sources, calculating pixel
resolutions 1n an X direction and a Y direction, and obtaining,
distances of pixels corresponding to an actual space by the
data processing unit, and a deep learning network semantic
segmentation model 1s preterred for the locating.

Specifically, as shown 1n FIG. 6, a method for detecting
the states of the tunnel structure by the data processing unit
in the step S34 includes following steps.

S341, sections of a tunnel wall are divided. As shown 1n
FIG. 2, the tunnel wall 1s divided into a left side wall d1, a
right side wall d2, and a vault d3, lateral and longitudinal
displacements of the left and right side walls are mainly
detected, and longitudinal displacements of the vault are
mainly detected.

S342, as shown 1n FIG. 3, a center curve L2 of a real-time
structured light curve 1s matched with a reference curve L1,
and pixel deviations before and after the reference curve 1n
different sections of the mask map are compared by using a
difference calculation algorithm, and horizontal or vertical
displacement changes of the pixels are compared one by
one, and a maximum deviation 1s taken as a detection result.

S343, the mtegral settlement of the multi-section of the
tunnel 1s detected by a combined line difference algorithm,
and a matching structure of the center curves of the plurality
of structured light curves before and after of the tunnel 1s
combined, and an overall downward shift of the plurality of
curves indicates a disease of the integral settlement of the
multi-section of the tunnel.

S344, spatial mapping of a settlement amount 1s per-
tormed, pixel displacements are converted into spatial offset
distances through pixel quantization to obtain an actual
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settlement amount and an actual convergence amount, and a
disease type 1s determined according to a displacement
direction.

The above specific embodiments only describe the pre-
ferred embodiments of the disclosure, and do not limit a
protection scope of the disclosure. Without departing from a
design concept and spirit of the disclosure, various modifi-
cations, substitutions and improvements of the technical
scheme of the disclosure made by ordinary technicians 1n the
field according to a text description and drawings provided
by the disclosure shall belong to the protection scope of the
disclosure. The protection scope of the disclosure 1s deter-
mined by claims.

What 1s claimed 1s:
1. A method for real-time monitoring of tunnel deforma-
tion, comprising following steps:
S1, respectively erecting a plurality of structured light
sources 1n an unstable area to be monitored of a tunnel
structure and a stable secondary lining area of the
tunnel structure, and erecting a momtoring terminal in
the secondary lining area, wherein the monitoring
terminal communicates with the plurality of structured
light sources;
S2, acquiring 1images of all structured lights projected in
the unstable area and the secondary lining area of the
tunnel structure and obtaining curves corresponding to
stripes of the structured light sources from the acquired
images 1n real time through the monitoring terminal;
S3, judging whether the monitoring terminal has settled or
converged by the monitoring terminal according to
displacement changes of the structured lights projected
in the secondary lining area; and
analyzing imaging changes of the structured lights 1n
the unstable area of the tunnel structure,

correcting displacements of the structured light curves
of the unstable area of the tunnel structure according,
to the displacement changes of the structured lights
in the secondary lining area,

detecting deformation degrees and oflset distances of a
tunnel 1n real time, and

monitoring diseases ol settlement, convergence of a
single-section and integral settlement of a multi-
section of the tunnel through a data processing unait.

2. The method for the real-time monitoring of the tunnel
deformation according to claim 1, wherein the S3 comprises
following steps:

S31, locating a structured light projected area and edges
of the structured light curves by the data processing
unit from each of the acquired 1images using an 1mage
recognition module;

S32, extracting center lines of the structured light curves
based on the upper and the lower edges of the curves by
the data processing unit;

S33, automatically or manually updating, by using the
data processing unit, saved reference lines formed by
the center lines of the structured light curves projected
under a normal tunnel structure; and

S34, detecting states of the tunnel structure by the data
processing unit and judging whether disasters of the
settlement, convergence of the single-section or the
integral settlement of the multi-section of the tunnel
OCCUrS.

3. The method for the real-time monitoring of the tunnel
deformation according to claim 2, wherein in the S34, a
method for detecting the states of the tunnel structure by the
data processing unit comprises:
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S341, dividing each section of a tunnel wall mnto left and ing to claim 1, comprising a plurality of structured light
right side walls and a vault, detecting lateral and sources and a monitoring terminal, wherein
longitudinal displacements of the left and right side the plurality of structured light sources are erected in an
walls, and detecting the longitudinal displacements ot unstable area of a tunnel structure and a stable second-
the vault; D ary lining area of the tunnel structure; and

S342, matching the center lines of the extracted structured
light curves with the reference lines, and analyzing
changes of pixel displacements;

S343, detecting the integral settlement of the multi-
section of the tunnel by combining a matching structure 10
of the center lines of the plurality of structured light
curves from the front to the back of the tunnel to
determine an overall downward shiit of the plurality of
curves as an indication of a disease of the integral
settlement of the multi-section of the tunnel; and 15

S344, performing spatial mapping of a settlement amount,
converting the pixel displacements into spatial offset
distances through pixel quantization to obtain an actual
settlement amount and an actual convergence amount,
and determining a disease type according to a displace- »g
ment direction. _

4. A monitoring device for implementing the method for Lights.

the real-time monitoring of the tunnel deformation accord- I I

the monitoring terminal 1s erected in the stable secondary
lining area of the tunnel structure, communicates with
and controls the plurality of structured light sources,
and comprises a data processing unit and a plurality of

1mage Sensors.

5. The monitoring device according to claim 4, wherein
the structured light sources are multi-band light sources, and
the monitoring terminal acquires images of the projected
ights of the multi-band light sources, and analyzing the
acquired 1mages to obtain a final measurement result.

6. The monitoring device according to claim 4, wherein
the structured light sources have built-in sensors for detect-
ing whether the structured light sources are impacted or not;
when i1mpacts are detected, the structured light sources
automatically readjust reference curves of the structured
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